Abstract: This paper presents Particle Swarm Optimization (PSO) based approach for the allocation & coordinated operation of multiple FACTS (Flexible AC Transmission System) devices for the economic operation as well as to increase power transfer capacity of an interconnected power system under different loading condition. The PSO based approach is applied on IEEE 30-bus system. The system is reactively loaded starting from base to 200 % of base load. FACTS devices are installed in the different locations of the power system and system performance is noticed with and without FACTS devices. First, the locations, where the FACTS devices to be placed is determined by calculating active and reactive power flows in the lines. A Particle Swarm Optimization based algorithm is then applied to find the amount of magnitudes of the FACTS devices. This Particle Swarm Optimization based approach for the placement of FACTS devices Yields promising result both in terms of performance and economy which is clearly observed from the result obtained.
Introduction
In recent years power demand has increased substantially while the expansion of power generation and transmission has been limited due to limited resources and environmental restrictions. As a consequence some transmission lines are heavily loaded and system stability becomes a power transfer limiting factor. Flexible AC transmission system (FACTS) controllers are mainly used for solving various power system steady state control problems. However recent studies reveal that FACTS controllers could be employed to enhance power system stability in addition to their main function of power flow control. It is known that the power flow through an ac transmission line is a function of line impedance, the magnitude and the phase angle between the sending and the receiving end voltages. By proper coordination of FACTS devices in the power system network, both the active and reactive power flow in the lines can be controlled. Tighter control of power flow and the increased use of transmission capacity by FACTS devices are discussed in [1] . A scheme of power flow control in lines is discussed in [2] . The system load ability and loss minimization are used as an objective function. Use of static phase shifters and FACTS controllers to increase the power transfer capacity in the transmission line is described in [3] - [4] . A simple approach based on the optimal location of FACTS devices are discussed in [5] . Modeling and optimum location of variable FACTS devices are discussed in [6] - [7] . Power injection model of FACTS devices and Optimal Power Flow (OPF) model is discussed in [8] - [9] which present a novel power flow control approach to enable the working of different FACTS devices. Assessment and Impact of FACTS devices on power networks have been discussed in [10] through the concept of steady state security regions. The placement of different FACTS devices in a power system using Genetic Algorithm is discussed [11] . The system load ability is carried out to measure power system performance. In [12] authors have discussed about the most important feature of the TCSC i.e. its variable degree of compensation that can be used in damping out low-frequency oscillations, controlling the power flow, etc. In [13] an adaptive stabilizer design for SVC control in power systems for either voltage regulation or controlling dynamic and transient performance under abnormal condition is discussed. Steady state firing angle model of SVC and TCSC for power flow solution were developed and discussed in [14] . Use of Thyristor Controlled Series Capacitor (TCSC), Unified Power Flow Controller (UPFC), Thyristor Controlled Voltage regulator (TCVR), and Static Var Compensator (SVC) were studied in [15] for increased power flow.
The objective of this present work is the optimal allocation of FACTS devices in the transmission network so the transmission loss becomes minimized and also for the simultaneous increase of power transfer capacity of the transmission network that ultimately yields minimum operating cost under various loading conditions. Minimization of transmission loss is a problem of reactive power optimization and can be done by controlling reactive generations of the generators, controlling transformer tap positions and adding shunt capacitors in the weak buses [16] but the active power flow pattern can not be controlled. Power flow control with different FACTS devices were discussed in [17] . In the proposed work, first the locations of the FACTS devices are identified by calculating different line flows. TCSC's are placed in lines where reactive power flows are very high and the SVC's are connected at the receiving end buses of the other lines carrying significant amount of reactive power.
FACTS Devices

Modeling of FACTS Devices
For the steady state analysis it is necessary to model the FACTS devices mathematically. Thyristor controlled switched capacitors (TCSC) and Static VAr Compensators (SVC) are used as FACTS devices in the transmission network in this approach. TCSC TCSC acts as either inductive or capacitive compensator by changing the line reactance. The maximum value of the capacitance is fixed at -0.8 X r and 0.2X r is the maximum value of the inductance, where X r is the line reactance. When a TCSC is connected to a particular line, its admittance can be written as
where R and X are the resistance and reactance of the line without TCSC.
TCSC allows faster changes of transmission line impedance. Figure 1 shows the mathematical model of TCSC connected with transmission lines. SVC SVC can be considered as to generate or absorb controllable reactive power by synchronously switching capacitor and reactor banks "in" and "out" of the network. The main function of SVC to absorb reactive power from the bus or to inject reactive power to the bus where it is installed. The SVC's effective reactance X SVC is determined by parallel combination of X C & X L and is given by
whereα is the firing angle. The SVC model is shown in figure 2 . 
Here, (OR) is the operating range of the FACTS Devices.
Optimal Placement of FACTS devices
Having made the decision to install a FACTS device in the system, there are three main issues that are to be considered: types of device, its capacity and location. The decision where they are to be placed is largely dependent on the desired effect and the characteristics of the specific system. SVCs are mostly suitable when reactive power flow or voltage support is necessary. TCSC devices are not suitable in lines with high Reactive Power flow. Also the costs of the devices play an important role for the choice of a FACTS device. There are two distinct means of placing a FACTS device in the system for the purpose of increasing the system's ability to transmit power, thereby allowing for the use of more economic generating units. That is why FACTS devices are placed at the more heavily loaded lines to limit the power flow in that line. This causes more power to be sent through the remaining portions of the system while protecting the line with the device for being overloaded. This method which sites the devices in the heavily loaded line is the most effective. If reactive power flow is a significant portion of the total flow on the limiting transmission line, either a TCSC device in the line or a SVC device located at the end of the line that receives the reactive power, may be used to reduce the reactive power flow, thereby increasing the active power flow capacity.
The Proposed Approach
Here the main objective is to minimize the total operational cost under different loading situation by incorporating FACTS devices at suitable locations of the transmission network. Inclusion of FACTS controllers also increase the system cost. So, optimal placements of FACTS devices are required such that the gain obtained by reducing the transmission loss is significant even after the placement of costly FACTS devices. Installation costs of various FACTS devices and the cost of system operation, namely, energy loss cost are combined to form the objective function to be minimized. Besides FACTS devices, transmission loss can be minimized by optimization of reactive power, which is possible by controlling reactive generations of the generator's, controlling transformer tap settings, and by the addition of shunt capacitors at weak buses. But with FACTS devices both the active and reactive power flow pattern can be changed and results significant changes in the system performance. The optimal allocation of FACTS Devices can be formulated as:
where C 1 (E) is the cost due to energy loss and C 2 (F) is the total investment cost of the FACTS Devices.
Subject to the nodal active and reactive power balance
voltage magnitude constraints:
and the existing nodal reactive capacity constraints:
Superscripts min, max are the minimum and maximum limits of the variables.
The power flow equations between the nodes i-j after incorporating FACTS devices would appear as TCSC:
SVC:
P i and Q i(inj) are the real and reactive power flow change takes place at the nodes due to TCSC connected to a particular line between the nodes i & j. Q iL(inj) is the reactive power injection due to SVC. These changes in the power flow equations are taken into consideration by appropriately modifying the admittance bus matrix for execution of load flow in evaluating the objective function for each individual population of generation both in the cases of Genetic Algorithm and Particle Swarm Optimization based approaches.
In 
PSO approach in brief:
The formulae on which PSO works is given as PSO is used after the solution obtained by the Fuzzy approach for optimal setting of transformer tap positions, Generator's reactive generations. Here the control variables are represented with in a string. Initially strings are generated randomly and each string may be a potential solution. In PSO, each potential solution, called particles is assigned a velocity. The particles of the population always adjust their velocity depending upon their position with respect to the position of the pbest (the particle having the best fitness in the current generation) and the gbest (the particle having the best fitness upto the present generation). While adjusting their velocities and positions, particles adjust their fitness value as well. The particle having the best fitness among all is selected as the pbest for the current generation, and if this pbest has better fitness than the gbest, it takes the position of the gbest as well. In PSO, therefore, the gbest particle always improves its position and finds the optimum solution and the rest of the population follows it. The string length depends upon the problem and the control variables within the string are shown in figure 3.
Particle Tap  Reactive Generations of  Generators  1  2  3  4  1  2  3  4  1  2  3  4  1  2  3  4  5 Table 1 . Reactive power flow without FACTS devices. Table 5 . Comparative analysis with and without FACTS devices with PSO based approach. Table 7 . Amount of facts devices and other reactive sources in the transmission network with PSO technique with different loading cases
Test Results & Discussion
The proposed approach for the placement of FACTS devices is applied on IEEE 30 Bus system. The power system is loaded (reactive loading is considered) and accordingly FACTS devices are placed at different locations of the power system. The power system is loaded up to the limit of 200% of base reactive load and the system performance is observed with and without FACTS devices. Table 1 shows the reactive power flow pattern without FACTS devices in different lines. Table 2 shows the locations of different FACTS devices in the transmission network. The magnitude and phase angle of the bus voltages with & without FACTS devices for highest reactive loading i.e. for 200% is shown in Table 3 . Phase angles are given in radian. Table 4 shows the reactive power flow pattern with FACTS devices in different lines using PSO based approach. A comparative analysis of active power loss and the operating cost of the system with and without FACTS devices using PSO technique are shown in Table 5 . The change in reactive flow pattern in the lines where FACTS devices are connected for 150% and 200% base reactive loading is shown in Table 6 . Amount of FACTS devices, reactive generations of the generators and transformer tap positions in different cases of loading is shown in Table 1 .
From Table 5 we observe that transmission loss reduces significantly in all cases of loading with FACTS devices as compared to without such devices also we observe that operational cost is reduced significantly in all cases of loading with FACTS devices as well as significant 
Conclusions
In this approach, PSO (Particle Swarm Optimization) based optimal placement of FACTS devices in a transmission network is done for the increased load ability of the power system as well as to minimize the total operating cost. Cost of FACTS devices are very less compared to the benefits in terms of the system operating cost for each cases of loadings are clearly observed. Two different types of FACTS devices are considered. It is clearly evident from the results that effective placement of FACTS devices at proper locations by using suitable optimization technique can significantly improve system performance. Hence, this PSO based approach could be a new technique for the installation of FACTS devices in the transmission system.
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